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Novel multilayer ceramic capacitors (MLCCs) based on a (Bi0.95Li0.05)(V0.9Mo0.1)O4-
Na2Mo2O7 (BLVMO-NMO), with İr = 39, temperature coefficient of capacitance, TCC ~ +/- 
0.01% and WDQį = 0.01 at 1 MHz, were successfully fabricated by a cold sintering process at 
150 °C. Scanning electron microscopy of MLCCs combined with EDS mapping, X-ray 
diffraction and Raman spectroscopy revealed well-laminated and undistorted dielectric layers 
composed of BLVMO
 
and NMO discrete phases separated by Ag internal electrodes. 
Prototypes showed comparable properties to C0G MLCCs (TCC = +/-30 ppm/oC from -55 to 
+125 oC) currently commercially fabricated at 1100 oC using CaZrO3 based dielectrics with 
glass sintering aids and Ni internal electrodes.   
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,QWURGXFWLRQ 
0RGHUQZLUHOHVVFRPPXQLFDWLRQV\VWHPVDQGHOHFWURQLFSDFNDJLQJUHO\RQSDVVLYH
FRPSRQHQWVVXFKDVDQWHQQDVUHVRQDWRUVILOWHUVDQGFDSDFLWRUV,QYDULDEO\WKHVH
FRPSRQHQWVDUHEDVHGRQIXQFWLRQDOFHUDPLFVZKLFKPHHWVWULQJHQWWHFKQLFDOVSHFLILFDWLRQVLQ
SDUWLFXODUORZGLHOHFWULFORVVRUKLJKTXDOLW\IDFWRU4DQGORZWHPSHUDWXUHFRHIILFLHQWRI
UHVRQDQWIUHTXHQF\7&)RUFDSDFLWDQFH7&&7KHHYHULQFUHDVLQJWUHQGWRZDUGV
PLQLDWXULVDWLRQRIHOHFWURQLFV\VWHPVGULYHVWKH'LQWHJUDWLRQRIDOWHUQDWLQJFHUDPLFDQG
PHWDOOLFHOHFWURGHOD\HUV0XOWLOD\HUFHUDPLFFDSDFLWRUV0/&&VDUHSUREDEO\WKHEHVW
NQRZQDQGPRVWVXFFHVVIXOH[DPSOHVRI'LQWHJUDWLRQRIIXQFWLRQDOFHUDPLFVZLWKPRUHWKDQ
WZRWULOOLRQPDQXIDFWXUHGHYHU\\HDU'LQWHJUDWLRQGHPDQGVWKHVLQWHULQJWHPSHUDWXUHRI
WKHFHUDPLFOD\HUVLVORZHUWKDQWKHPHOWLQJWHPSHUDWXUHRIDQGFKHPLFDOO\FRPSDWLEOHZLWK
WKHPHWDOOLFHOHFWURGH7KHVHUHTXLUHPHQWVKDYHOHGWRIRXUW\SLFDOFDWHJRULHVRIGLHOHFWULFV
EDVHGRQWKHLUVLQWHULQJWHPSHUDWXUHLKLJKWHPSHUDWXUHFRILUHGFHUDPLFV+7&&
&LLORZWHPSHUDWXUHFRILUHGFHUDPLFV/7&&&LLLXOWUDORZ
WHPSHUDWXUHFRILUHGFHUDPLFV8/7&&&DQGPRUHUHFHQWO\LYFROGVLQWHUHGFR
ILUHGFHUDPLFV&6&&&7KHPDMRUGUDZEDFNRI+7&&V\VWHPVLVWKHQHHGWR
XVHKLJKPHOWLQJWHPSHUDWXUHPHWDOOLFHOHFWURGHVVXFKDV3W3G$XRUUHODWHGDOOR\V
6XFFHVVLYHGHYHORSPHQWVLQ/7&&DQG8/7&&V\VWHPVKDYHSHUPLWWHGWKHXVHRIORZ
PHOWLQJPHWDOHOHFWURGHVVXFK$J&X$OZKLFKDUHFRQVLGHUDEO\FKHDSHU1HYHUWKHOHVV
LQPDQ\RIWKHVH/7&&8/7&&V\VWHPVLWLVQRWDOZD\VSRVVLEOHWRSUHYHQWWKHUHDFWLRQ
EHWZHHQWKHFHUDPLFDQGHOHFWURGHV7KHVHUHDFWLRQVDUHDFFRPSDQLHGE\HLWKHUWKHIRUPDWLRQ
RISDUDVLWLFSKDVHVDQGRUPRGLILFDWLRQRIWKHHOHFWULFDOSURSHUWLHVGXHWRLQWHUGLIIXVLRQ
ZKLFKLPSDLUVWKHIXQFWLRQDOLW\RIWKHGHYLFH5HFHQWO\&6&&KDVHPHUJHGDVDQHZ
SURFHVVLQJURXWHWRRYHUFRPHVRPHRIWKHHOHFWURGHFRPSDWLELOLW\LVVXHVIDFHGE\
/7&&8/7&&V\VWHPV7KLVQHZWHFKQRORJ\DOORZVGHQVLILFDWLRQDWWHPSHUDWXUHV
&WKHUHE\RIIHULQJDJUHDWRSSRUWXQLW\WRPDQXIDFWXUH0/&&VFRILUHDEOHZLWK
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PRVWW\SHVRIHOHFWURGH,QDGGLWLRQ&6&&DOVRUHGXFHVWKHFDUERQIRRWSULQW&2HPLVVLRQV
LQKHUHQWLQFRQYHQWLRQDOKLJKWHPSHUDWXUHVLQWHULQJ 
 
5HFHQWO\WKHFROGVLQWHULQJSURFHVV&63KDVEHHQVXFFHVVIXOO\HPSOR\HGWRIDEULFDWH
PLFURZDYHEXONFHUDPLFVVXFKDV/L0R21D0R2.0R21D&O/L%L0R2
/L0R237)(1D%L0R2/L0R2DQG$O6L21D&OEXWQRSURWRW\SHFROG
VLQWHUHG0/&&VKDYHEHHQIDEULFDWHGZKRVHSURSHUWLHVPDWFKWKRVHFRPPHUFLDOO\
DYDLODEOH0/&&VDUHFDWHJRULVHGDFFRUGLQJWRWKH(OHFWURQLF,QGXVWU\$OOLDQFHFRGHV
ZKLFKVSHFLI\WKHRSHUDWLQJZLQGRZDQGWKHLUUHTXLUHGWHPSHUDWXUHVWDELOLW\;50/&&VDUH
EDVHGRQPRGLILHG%D7L2İU!ZLWK7&& RIWKH57YDOXHEHWZHHQWR
R&&*0/&&VDUHIDEULFDWHGIURPGLHOHFWULFVVXFKDV&D=U2JODVVIULWZLWKORZHU
İUEXWZLWK7&&SSPR& 
 
,QWKLVZRUN%L/L90R2%/902DQG1D0R2102FHUDPLFVZLWK
SRVLWLYHDQGQHJDWLYH7&)RIaSSP&DQGSSP&UHVSHFWLYHO\ZHUHVHOHFWHGDV
HQGPHPEHUVWRIDEULFDWHQRYHOWHPSHUDWXUHVWDEOH%/902102FRPSRVLWHV
7HPSHUDWXUHVWDEOHSSPR&FRPSRVLWHVZLWKORZGLHOHFWULFORVVWDQįaDQGİU 
ZHUHDWWDLQHGZKLFKZHUHVXEVHTXHQWO\XVHGWRIDEULFDWH0/&&VDWR&7KH0/&&V
FRUUHVSRQGHGWR&*WKHFXUUHQWFRPPHUFLDOLQFDUQDWLRQRIZKLFKLVFRQYHQWLRQDOO\VLQWHUHG
DWaR&ZLWKVDOHVLQH[FHVVRIELOOLRQSDUWVSHU\HDU 
 
([SHULPHQWDO6HFWLRQ 
BLVMO and NMO powders were synthesized separately by the solid-state reaction method. 
Raw materials, including Bi2O3 (99.9%, Acros Organics), MoO3 (99+%, Acros Organics), 
VO3 (99+%, Acros Organics), Li2CO3 (99.9%, Sigma-Aldrich) and Na2CO3 (99.9%, Fisher 
Scientific) were batched stoichiometrically according to the nominal compositions and 
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planetary ball-milled in isopropanol for 4 h. The dried mixed powders were calcined at 
600 °C for BLVMO and 500 °C for NMO, respectively, to synthesize the compounds. 
Subsequently, BLVMO and NMO powders were weighted in 4:1 ratio and ball-milled in 
isopropanol for 24 h. After drying, the BLVMO-NMO formulation was employed to fabricate 
MLCCs following the previous work of Guo et al.11 Ceramic tapes were made by tape casting 
(Compact Tape caster, MTI) and electroded using a screen-printer (247 screen printer, DEK) 
and Ag paste (LTC3602, Heraeus Electronics). Electroded tapes were stacked and laminated 
at 80 °C for 20 mins (Atlas Heated Platens, Specac) under an uniaxial pressure of 10 MPa. 
After binder burnout at 180 °C for 3 hrs, the laminated BLVMO-NMO tapes were wetted by 
exposing to water vapor in a sealed beaker at 80 °C. Finally, to fabricate the MLCCs, the 
moistened tapes were put into a die and cold sintered at 150 °C for 30 minutes under a 
uniaxial pressure of 100 MPa, schematically illustrated in Figure 1. After drying at 120 °C for 
24 h to remove any residual moisture, a Ag terminal electrode (LTC3602, Heraeus 
Electronics) was applied onto MLCCs before performing electrical measurements. For 
comparison, cold-sintered BLVMO, NMO and BLVMO-NMO bulk ceramics were prepared 
under the same conditions as the MLCCs. In addition, BLVMO and NMO bulk ceramics were 
conventionally sintered at 690 and 610°C, respectively. 
 
Bulk densities of ceramic pellets were calculated by the geometric method. Crystal structure, 
phase assemblage, microstructures and Raman spectra of MLCCs and ceramic pellets were 
characterised by X-ray powder diffraction (XRD, D2 Phaser, Bruker) using Cu.Į radiation, 
scanning electron  microscopy (SEM, Inspect F, FEI) and Raman spectroscopy (inVia Raman 
microscope, Renishaw) using a green laser with 514.5 nm at room temperature, respectively. 
Microwave properties of ceramic pellets were measured using the TE01į dielectric resonator 
method with a vector network analyzer (R3767CH, Advantest Corporation, Tokyo, Japan). A 
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Peltier device was used to heat the cavity to measure the resonant frequency (f) from 25 °C to 
85 °C. The TCF was calculated using the following formula: 
 
7&) ൌ  ௙೅ି௙೅బ௙೅బൈሺ்ି బ்ሻ ൈ                                                                                                      (1)  
 
where the ்݂
 
and ்݂ బwere the TE01į resonant frequencies at temperature T and T0, 
respectively. The temperature dependence of dielectric properties from room temperature to 
150 °C was carried out using an Agilent 4184A multi-frequency precision LCR meter. The 
temperature coefficient of capacitance (TCC) was calculated using Equation (2),  
 
TCC = ǻİr/(İ25ǻT),                                                                                                              (2) 
 
where İ25 is İr at 25 °C, ǻİr and ǻT is the change in relative permittivity (İr) and temperature, 
relative to İ25 and 25 °C. 
 
5HVXOWVDQGGLVFXVVLRQ 
Relative densities (ȡr) and microwave dielectric properties of BLVMO, NMO and BLVMO-
NMO ceramics cold-sintered at 150 qC are compared in Table I with those of BLVMO, NMO 
ceramics conventionally sintered at 690 qC and 610 qC, respectively.  Cold-sintered NMO 
ceramics exhibit a slightly larger İr than their conventionally sintered counterparts, 
commensurate with the enhancement of ȡr from 87 to 95%.  Conversely, cold-sintered 
BLVMO ceramics exhibit remarkably lower İr than their conventionally sintered counterparts 
which were only 73% relative density. The lower Qf of cold-sintered BLVMO ceramics can 
be ascribed to the low density of this end member but all cold-sintered composites with NMO 
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attained ȡr > 94%. Most notably, composites with 20 wt% NMO and 80 wt% BLVMO 
exhibited İr ~ 40, Qf ~ 4000 and TCF of +4 ppm/oC.  
5RRPWHPSHUDWXUH;5'SDWWHUQVRIFROGVLQWHUHG%/902102DQG%/902102
VDPSOHVLQWKHșUDQJHRIaDUHVKRZQLQ)LJXUHD%/902KDVDWHWUDJRQDO
VFKHHOLWHVWUXFWXUHZLWKQRHYLGHQFHRIVSOLWWLQJRIPDLQGLIIUDFWLRQSHDNV102KDVDQ
RUWKRUKRPELFVWUXFWXUHZLWKV\PPHWU\GHVFULEHGE\WKHVSDFHJURXS&PFD3')
D cE cF c= $OOUHIOHFWLRQVLQWKH;5'GDWDIRU
%/902102FHUDPLFFRPSRVLWHVFDQEHDVFULEHGWR%/902DQG102DQGWKHUHLVQR
DSSDUHQWVKLIWLQSHDNSRVLWLRQLQGLFDWLQJQRLQWHUDFWLRQEHWZHHQWKHVHWZRHQGPHPEHUV 
5RRPWHPSHUDWXUH5DPDQVSHFWUDRIFROGVLQWHUHG%/902102DQG%/902102
FHUDPLFVDUHVKRZQLQ)LJXUHE%DVHGRQJURXSWKHRU\DQGLUUHGXFLEOHUHSUHVHQWDWLRQV
WKHUHDUHDQGGLIIHUHQWYLEUDWLRQDOPRGHVLQ%/902DQG102UHVSHFWLYHO\
JLYHQDVIROORZV 
īBLVMO = 3Ag + 2Au + 6Bg + 4Bu                                                                                                                                                           
ī102 $J$X%J%X%J%X%J%X 
,Q%/902QLQH$J%JPRGHVDUH5DPDQDFWLYHDQGVL[$X%XPRGHVDUH,5
DFWLYH,Q102WUDQVODWLRQVRI1DDQG0RDWRPVFRQWULEXWHWR$J$X%J%X
%J%X%J%XDQG$J$X%J%X%J%X%J%XPRGHV
UHVSHFWLYHO\7KUHH%X%X%XPRGHVDUHDFRXVWLFDFWLYHDQGWKHUHPDLQLQJ$J$X
%J%X%J%X%J%XPRGHVFRUUHVSRQGWRVWUHWFKLQJDQGEHQGLQJ
PRGHVRI0R2DQG0R2RFWDKHGUD7KH5DPDQVSHFWUXPRI%/902102FRPSRVLWHV
FRQVLVWVRIDVXSHUSRVLWLRQRIWKHVSHFWUDOIHDWXUHVH[KLELWHGE\HDFKLQGLYLGXDOSKDVHIXUWKHU
FRQILUPLQJWKHFRH[LVWHQFHRI%/902DQG102LQFRPSRVLWHFHUDPLFV 
 
%DFNVFDWWHUHGHOHFWURQ%6(LPDJHVRIIUDFWXUHVXUIDFHRIFROGVLQWHUHG%/902102
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0/&&VDUHVKRZQLQ)LJXUHFG,PDJHFRQWUDVWVKRZVWKHPLFURVWUXFWXUHVWRHQFRPSDVV
WZRFKHPLFDOO\GLVWLQFWDQGGLVFUHWHSKDVHVZLWK('6DWWULEXWLQJWKHGDUNDQGOLJKWFRQWUDVW
UHJLRQVWR102DQG%/902UHVSHFWLYHO\LQDJUHHPHQWZLWKWKH;5'DQG5DPDQUHVXOWV
)LJXUHDE7KHJUDLQVL]HRI102ȝPLVPXFKODUJHUWKDQWKDWRI%/902
ȝPFRQVLVWHQWZLWKSUHYLRXVUHSRUWV)LJXUHFVKRZVDaȝPVLOYHUHOHFWURGH
OD\HUZKLFKKDVVKDUSLQWHUIDFHZLWKWKHFHUDPLFJUDLQVVXSSRUWLQJJRRGFKHPLFDO
FRPSDWLELOLW\EHWZHHQJUDLQVRIWKHFRPSRVLWHDQGWKH$JHOHFWURGH 
 
$Q6(0LPDJHRIDFURVVVHFWLRQRIOD\HUHG%/9021020/&&LVJLYHQLQ)LJXUHD
,WVKRZVDGHQVHZHOOODPLQDWHGDQGXQZDUSHG0/&&FRQVLVWLQJRIFHUDPLFOD\HUVRIa
ȝPWKLFNVHSDUDWHGE\FRQWLQXRXV$JHOHFWURGHV('6PDSSLQJVKRZVDUDQGRPGLVWULEXWLRQ
RIFKHPLFDOHOHPHQWV)LJXUHEKFRQVLVWHQWZLWKDUDQGRPGLVWULEXWLRQRIWKH%/902
DQG102JUDLQV)XUWKHUPRUHDWVXFKDORZWHPSHUDWXUHQRUHDFWLRQDWWKHFHUDPLFPHWDO
LQWHUIDFHLVGHWHFWHG$NH\SURFHVVLQJDGYDQWDJHRI&63EHVLGHVWKHORZSURFHVVLQJ
WHPSHUDWXUHLVWKHDEVHQFHRIODWHUDOVKULQNDJHZKLFKDOORZVIDEULFDWLRQRIQRYHODQGGHQVH
0/&&VZLWKRXWGHODPLQDWLRQDQGZDUSLQJDVVKRZQLQ)LJXUHD 
 
7KHWHPSHUDWXUHGHSHQGHQFHRIGLHOHFWULFSURSHUWLHVDQG7&&IRU0/&&VPHDVXUHGLQWKH
N+]0+]LVVKRZQLQ)LJXUH%RWKUHODWLYHSHUPLWWLYLW\İUDQGGLHOHFWULFORVVWDQįDUH
VWDEOHXSWRq&H[FHSWN+]EXWGHFUHDVHZLWKLQFUHDVLQJIUHTXHQF\7KHURRP
WHPSHUDWXUHİUDQGWDQįDW0+]DUHDQGUHVSHFWLYHO\FRQVLVWHQWZLWKWKRVH
PHDVXUHGDW0:IUHTXHQFLHV7DEOH,)RUORZHUIUHTXHQFLHV.+]İUDQGWDQįULVHGXH
WRVSDFHFKDUJHGHSHQGHQWFRQGXFWLYLW\1RDWWHPSWKDVEHHQPDGHWRPHDVXUHWKHSURSHUWLHV
EHORZ57EXWSURMHFWLRQVRIWKHFXUYHVVXJJHVWİUDQGWDQįZLOOUHPDLQFRQVWDQW7&&
LQFUHDVHVZLWKGHFUHDVLQJIUHTXHQF\EXWIRU0+]WKHORZHVWOLNHO\RSHUDWLQJIUHTXHQF\WKH
YDOXHVOLHZHOOZLWKLQ&*OLPLWVRISSPR&RURIWKH57YDOXHWR&LQ
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DJUHHPHQWZLWKWKHQHDU]HUR7&)RIWKHFHUDPLFVLQ7DEOH, 
 
&RQFOXVLRQV 
,QWKLVZRUN%/9021020/&&VZHUHVXFFHVVIXOO\IDEULFDWHGE\DFROGVLQWHULQJDW
&;5'5DPDQHOHFWURQPLFURVFRS\DQG('6PDSSLQJVKRZHGWKDWWKHFRPSRVLWHV
ZHUHFKHPLFDOFRPSDWLEOHZLWKWKH$JLQWHUQDOHOHFWURGHV0/&&VZHUHWHPSHUDWXUHVWDEOH
ZLWKLQ&*DW0+]IURPURRPWHPSHUDWXUHWR&7KLVLVWKHILUVWGHPRQVWUDWLRQ
WKHUHIRUHRIDFROGVLQWHUHGSURWRW\SH5)FRPSRQHQWZKRVHSURSHUWLHVPDWFKWKRVHRI
FRPPHUFLDO0/&&VIDEULFDWHGXVLQJFRQYHQWLRQDOVLQWHULQJ 
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Figure 1. The schematic illustration of cold sintering process for BLVMO-NMO MLCCs. 
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Figure 2. (a) XRD patterns, (b) Raman spectra of BLVMO, NMO and BLVMO-NMO 
ceramics; (c,d) BSE images for the cross-section of BLVMO-NMO MLCCs. 
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Figure 3. (a) SEM image for the cross-section of BLVMO-NMO MLCCs; and EDS elemental 
mapping (b) elemental layered image, (c) Ag, (d) Na, (e) Bi, (f) Mo, (g) V and (h) O.  
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Figure 4. Temperature dependence of (a) İr and tanį (b) TCC for BLVMO-NMO MLCCs. 
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Table I.  Sintering temperatures, relative densities, and microwave dielectric properties of 
BLVMO, NMO and BLVMO-NMO ceramics.  
Composition ST (oC) ȡr (%) İr WDQį Q×f (GHz) TCF (ppm/oC) 
BLVMO 150 73 30 0.003 1300 +61 
NMO 150 95 12.7 0.0005 12000 -99 
BLVMO-NMO 150 96 40 0.0012 4000 +4 
BLVMO 690 96 76 0.0006 7000 +81 
NMO 610 87 11.6 0.0005 19000 -78 
 
  
